Circulating endothelium-derived extracellular vesicles (EV) levels are altered in pulmonary arterial hypertension (PAH) but whether they are biomarkers of cellular injury or participants in disease pathogenesis is unknown. Previously, we found that lung-derived EVs (LEVs) induce bone marrow-derived progenitor cells to express lung-specific mRNA and protein. In this study, we sought to determine whether LEV or plasma-derived EV (PEV) alter pulmonary vascular endothelial or marrow progenitor cell phenotype to induce pulmonary vascular remodelling.
Introduction
Pulmonary arterial hypertension (PAH) is a disease characterized by progressive narrowing of the small pulmonary arteries and arterioles due to abnormal cellular proliferation, fibrosis, and in situ thrombosis. Histological changes include hyperplasia and hypertrophy of vascular smooth muscle cells and abnormal proliferation of vascular endothelial cells. The remodelling of the pulmonary vasculature causes a progressive elevation of pulmonary vascular resistance and subsequent right ventricular (RV) failure.
The pathogenesis of PAH is poorly understood. Numerous abnormalities in the expression of vascular growth factors, vasoactive substances and inflammatory mediators have been described, but it is unclear if these alterations are responsible for initiating the disease process or occur in response to it. Most of the increase in pulmonary vascular resistance that is seen in PAH has been attributed to obliterative lesions in the pre-capillary arterioles that are formed by hyperplasia of endothelial cells. These endothelial cells may consist of a monoclonal population of cells that are highly resistant to apoptosis 1 but why they are found throughout the pulmonary vasculature is unclear. Vascular endothelial cells release subcellular extracellular vesicles (EVs) when injured or while proliferating or undergoing apoptosis. 2 Circulating EVs are increased in PAH patients and levels correlate with pulmonary vascular resistance, 3 functional impairment, 4 and mortality. 5 Although most of these studies suggest that plasma EV (PEV) levels are a biomarker of disease severity, others suggest that they may contribute to pulmonary vascular abnormalities by induction of endothelial dysfunction. Cultured endothelial cells exposed to PEV isolated from rats with hypoxia-induced pulmonary hypertension (PH) have decreased expression of endothelial nitric oxide synthase (eNOS) and lower nitric oxide production. 6 Additionally, ex vivo exposure of aortic and pulmonary artery rings to EV obtained from pulmonary hypertensive rats have impaired endothelium-dependent relaxation. 6 Many different subpopulations of subcellular vesicles have been described including microvesicles, microparticles, exosomes, ectosomes, and apoptotic vesicles. 7, 8 Exosomes are 30-100 nm in diameter and are derived from endocytic vesicles, whereas microvesicles are 100-1000 nm in diameter and are released from the cell surface by membrane blebbing in a calcium flux and calpain-dependent manner.
As the majority of investigators use differential ultracentrifugation speeds to isolate subcellular vesicles, most preparations that have been described in the literature are inherently heterogeneous. The more-inclusive term 'extracellular vesicles' has been adopted by many to reflect this heterogeneity. 9 EVs contain numerous proteins and RNA species and are capable of entering cells and altering protein expression. We have shown that lung tissue-derived EV (LEV) induce the expression of a profile of epithelial genes and proteins in bone marrowderived progenitor cells (BMPCs). 10 BMPCs have been implicated in the pathogenesis of PAH. Bone marrow-derived haemangioblasts give rise to cells of both endothelial and haematopoietic lineages. 11 Haemangioblast-derived circulating endothelial progenitor cells (EPCs) are believed to play a central role in neoangiogenesis 12 as increased numbers of these cells been observed in the peripheral blood of patients with IPAH compared with healthy controls and their levels correlate directly with pulmonary artery pressure. 13 The mechanisms responsible for inducing differentiation of BMPCs into EPCs and the role of EPCs in the pulmonary vascular remodelling associated with PAH are not well understood.
In the present study, we hypothesized that LEV that are released into the circulation by damaged pulmonary vascular endothelial cells (PVECs) in PAH inhibit endothelial cell apoptosis and induce differentiation of BMPCs into EPCs that contribute to the abnormal endothelial cell phenotype throughout the pulmonary circulation. To test this hypothesis, we isolated EV from LEV and PEV of normal mice and mice with monocrotaline (MCT)-induced PH and injected them into healthy mice. We sought to determine whether LEV isolated from MCT-injured mice alter endothelial apoptotic responses and induce BMPC differentiation to EPCs that contribute to pulmonary hypertensive changes in normal mice.
Methods

Experimental animals
Studies were approved by the Institutional Animal Care and Use Committee at Rhode Island Hospital (CMTT# 0211-08) and conformed to the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health. C57BL/6 mice were used and were euthanized by carbon dioxide inhalation followed by cervical dislocation.
MCT injury model
Cohorts of mice received weekly subcutaneous injections of MCT (600 mg/ kg, Sigma) resuspended in 100 mL of saline or 100 mL of saline only (vehicle) for 4 weeks. Mice were sacrificed 1 week after the last MCT or vehicle injection. Mouse body and RV weights were recorded and blood and lungs were harvested for EV isolation.
LEV and cardiac EV isolation
Lungs and hearts were dispase-digested (Sigma) and washed with phosphate-buffered saline (PBS) by centrifugation (300 g, 10 min). Lung cells were cultured (10 6 /mL) in Bronchial Epithelial Growth Media (Lonza) and cardiac cells were cultured (10 6 /mL) in DMEM low glucose media (Invitrogen) at 378C for 7 days. Cells were removed by centrifugation (300 g, 10 min, performed twice) and the supernatant (conditioned media) was used for EV isolation. Conditioned media was ultracentrifuged at 10 000 g (1 h). Pelleted material, containing cellular debris, was discarded and the supernatant was ultracentrifuged at 100 000 g, (1 h). The pelleted material containing EV was resuspended in PBS then ultracentrifuged a second time at 10 000 g (1 h). LEV and cardiac EV were then resuspended in PBS.
PEV isolation
About 750-1000 mL of blood was collected from mice, placed into sodium citrate-containing tubes and centrifuged (1 900 g, 5 min) to remove cells then platelets (5000 g, 10 min). Platelet-free plasma (PFP) was ultracentrifuged as described above for PEV isolation.
Injection of EV into healthy mice
Mice were tail vein-injected with vehicle-LEV, vehicle-PEV, MCT-LEV, MCT-PEV, or an equal volume of PBS (control). All mice received a total of 1.5 × 10 7 EV (given as 5 × 10 6 EV in 100 mL of PBS once daily for 3 days). Control mice were injected with 100 mL PBS alone once daily for 3 days. Mice were sacrificed 14, 28, or 42 days after the first injection. The dose of EV studied was selected as a way of ensuring that EV infused into one mouse was isolated from one mouse and not from a multiple donor pool. The lowest yield of EV isolated from an EV donor in this study was 1.5 × 10 7 EV. Therefore, all mice were infused with a total of 1.5 × 10 7 EV.
In separate experiments, EV isolated from cardiac tissue from vehicle-or MCT-treated mice were injected into cohorts of mice and sacrificed 42 days later. Additionally, two extra cohorts were injected with EV-depleted plasma from vehicle or MCT-injured mice (made by collecting the supernatant formed by PFP ultracentrifugation) and sacrificed 42 days later.
Isolation of whole bone marrow cells and BMPCs
Whole bone marrow (WBM) was isolated from limb bones and spines of mice. Bones were placed in PBS supplemented with 5% foetal calf serum and crushed with a mortar and pestle. Cells were strained through a 40 mm cell strainer to remove large debris and bone fragments. Cells were then centrifuged twice (300 g, 10 min) and resuspended in PBS.
Mononuclear cells were isolated from WBM by discontinuous density centrifugation (1000 g, 30 min) using OptiPrep (Accurate Chemical). Mononuclear cells were lineage-depleted by adding the following rat-anti mouse antibodies: anti-Ter119, B220, Mac-1, Gr-1, CD4, CD8 (BD Biosciences). Dynabead M450 anti-rat IgG (Dynal) was added and lineage-positive cells were removed using a magnetic column yielding a cell population enriched with BMPCs (lineage-depleted or Lin-cells). 
Statistical analysis
Data were analysed using Student's t-test when there were fewer than six measurements within two parent groups. Alternatively, the Wilcoxon rank-sum test was performed when there were six or more measurements within two parent groups. P ≤ 0.05 represented statistical significance. Data were presented as mean + standard error.
Results
PEV and LEV from MCT-treated mice induce RV hypertrophy, pulmonary vascular remodelling in normal mice
MCT-treated mice developed RV hypertrophy and pulmonary vascular remodelling as evidenced by greater RV/BW, WT/D ratios than vehicletreated mice ( Figure 1A and B). Haematoxylin and eosin staining of lung sections from MCT-treated mice revealed muscularization of pulmonary blood vessels (20 -50 mm diameter) which was not seen in vehicletreated mice (Figure 2A and B).
Compared with LEV and PEV isolated from vehicle-treated mice, the concentration, mean size, and size range of LEV and PEV isolated from MCT-injured mice were not different (Supplementary material online, Table S1 ). EV in the traditional exosome (30-100 nm) and microvesicle (100 -1000 nm) size ranges were identified in all EV populations studied. No MCT or MCT metabolites could be detected by liquid chromatography mass spectrometry in MCT-LEV or -PEV or in the plasma of normal mice infused with MCT-EV.
Mice given vehicle-LEV had slightly greater RV/BW, WT/D ratios than mice given PBS 14 days after injection, but no differences in RV/BW, WT/ D were seen at Days 28 or 42 ( Figure 1A and B). Mice given MCT-LEV had significantly higher RV/BW, WT/D ratios than mice given PBS or vehicle-LEV 14, 28, and 42 days after injection ( Figure 1A and B). Muscularization of small, normally non-muscularized pulmonary blood vessels was observed in vehicle-LEV and MCT-LEV injected mice but not in PBS mice ( Figure 2C-F) . The per cent of muscularized pulmonary blood vessels under 35 mm in diameter was greater in mice treated with MCT-LEV than in mice given vehicle-LEV or PBS (62.2, 8.7, 0%, respectively, P , 0.05, data not shown).
Mice given MCT-PEV had significantly higher RV/BW, WT/D ratios than those given vehicle-PEV or PBS alone at 14, 28, and 42 days postinjection ( Figure 1A and B). There were no differences in RV/BW, WT/D ratios between vehicle-PEV-and PBS-treated mice at any time point studied. Mice infused with MCT-PEV, but not vehicle-PEV or PBS, developed muscularization of peripheral pulmonary blood vessels ( Figure 2C-G) ; 87.8% of pulmonary blood vessels under 35 mm in diameter in MCT-PEV recipients were at least partially muscularized compared with, none in vehicle-PEV-and PBS-treated mice (data not shown). No evidence of intravascular thrombosis or emboli was seen in EV-treated mice.
Linear regression analysis revealed a strong positive correlation between RV/BW and WT/D ratios in MCT-LEV, -PEV-treated mice, but not in vehicle-LEV, -PEV-treated mice (Figure 3) indicating that increases in the RV mass were associated with pulmonary vascular remodelling.
In additional experiments, healthy mice were injected with EV isolated from the hearts of vehicle-treated and MCT-injured mice or were injected with EV-depleted plasma from MCT-or vehicle-treated mice. However, neither cardiac EVs (data not shown) nor EV depleted plasma obtained from MCT-injured mice ( Figure 4A and B) resulted in an increase RV/BW or WT/D ratios when injected into healthy mice.
mRNA content of EV and gene expression of BMPCs incubated with EV
Microarray analysis revealed higher levels of mRNA species uniquely expressed in endothelial cells (PECAM-1, e-selectin, endoglin, CD143, VE-cadherin, CD34) and higher levels of mRNA species known to be abnormal in PAH (PDGF, BMPII receptor, eNOS) in MCT-LEV compared with vehicle-LEV. The mRNA content of MCT-LEV was similar to that of mRNA isolated from whole lung tissue of MCT-injured mice (data not shown). The mRNA content of MCT-PEV did not differ from vehicle-PEV, other than higher levels of CD34 mRNA (Supplementary material online, Figure S1A ).
To determine whether MCT-EV were capable of affecting the differentiation and gene expression of BMPCs in vitro, Lin-bone marrow cells, a population enriched with BMPCs, were incubated with MCT-EV and vehicle-EV. Expression of genes typically expressed by EPCs (CD133, CD34, c-kit, CXCR4) was higher in Lin-cells incubated with MCT-LEV, MCT-PEV compared with levels in cells incubated with vehicle-LEV, -PEV (Supplementary material online, Figure S1B ). Expression of endothelial cell genes (e-selectin, endoglin, VE cadherin, CD143) was also higher in cells incubated with MCT-LEV, -PEV. Higher expression of genes that are typically up-regulated in PAH (IL-6, PDGF, endothelin-1, Pulmonary hypertension induced by microparticles erythropoietin receptor) and lower or no expression of genes that are typically down-regulated in PAH (eNOS, BMPII receptor) were seen in cells incubated with MCT-EV compared with vehicle-EV (Supplementary material online, Figure S1B ).
Proteomic and miRNA microarray analysis of EV
Several proteins typically identified in exosomes, including a variety of tetraspanins (CD9, CD81), multivesicular body formation proteins (alix, clatherin) and membrane trafficking proteins (RAS-related proteins) were present in all EV populations studied. In addition, proteins typically identified in microvesicles, including CD40 ligand, b1 integrin, and P-selectin, were also present in all EV populations studied (Supplementary material online, Table S2 ). A similar number of distinct proteins were found in LEV, PEV from MCT-and vehicle-treated mice (313, 302, 331, 339 for MCT-LEV, vehicle-LEV, MCT-PEV, vehicle-PEV). Forty-one LEV-based proteins were unique to MCT-treated mice and 30 were unique to vehicle-treated mice. Fifty-six PEV-based proteins were unique to MCT-treated mice and 64 were unique to vehicle-treated mice. Compared with vehicle-LEV, -PEV, 19 protein species were up-regulated at least two-fold in both MCT-LEV, -PEV, and 20 were down-regulated at least two -fold. Eighteen proteins were identified in both MCT-LEV and -PEV that were not found in vehicle-LEV or -PEV ( Table 1) . Compared with vehicle-PEV, MCT-PEV had a marked increase in the proportion of endothelial cell-derived proteins and a decrease in the proportion of platelet cell-derived proteins. A similar trend was seen with LEV as there were more endothelial cell proteins and fewer platelet proteins in MCT-LEV compared with vehicle-LEV (Supplementary material online, Figure S2 ). Endothelial proteins present in MCT-PEV but not in vehicle-PEV included CD54 (ICAM-1). Endothelial proteins present in MCT-LEV but not in vehicle-LEV included CD62e (E-selectin) and CD144 (VE-Cadherin).
MicroRNA microarray analysis revealed a similar number of miRNA species in LEV and PEV from MCT-and vehicle-treated mice (224, 215, 241, 278 for MCT-LEV, vehicle-LEV, MCT-PEV, vehicle-PEV, respectively). Of these, six were up-regulated at least two -fold in both MCT-LEV, -PEV compared with levels found in vehicle-LEV, vehicle-PEV, seven were down-regulated at least two -fold, and three were identified that were unique to both MCT-LEV and -PEV ( Table 1) .
Effect of EV injection on circulating EV and bone marrow cells of recipient mice
Thirty minutes after tail vein injection into normal mice, fluorescently tagged EV could be detected in small pulmonary vessels throughout the pulmonary vasculature. PKH26-labelled EVs were seen adjacent to PVECs, suggesting uptake of exogenous EV by the pulmonary microcirculation (Supplementary material online, Figure S3 ). There was no difference in the number of PHK26-labelled EV in the pulmonary vasculature of recipient mice after MCT-EV, vehicle-EV infusion.
Similar to PEV obtained from MCT-treated mice, PEV isolated from mice 28 days after MCT-LEV treatment contained increased levels of mRNA for e-selectin, VE-cadherin, CD143, CD31, and CD34 (endothelial cells) as well as IL-6, IL-1 receptor, endothelin-1, PDGF, and eNOS, compared with PEV isolated from vehicle-LEV-treated mice. These changes were most pronounced 28 days after MCT-EV infusion and were greater in MCT-LEV-infused mice than in MCT-PEV-infused mice (Supplementary material online, Figure S4A ).
Bone marrow cells isolated from MCT-EV-infused mice had increased expression of genes typically expressed by EPCs compared with vehicle-EV-treated mice. Fourteen days after EV infusion, CD133, CD34, c-kit, and CXCR4 gene expression was higher in the bone marrow cells of MCT-PEV-, -LEV-infused mice compared with bone marrow cells of vehicle-PEV-, -LEV-infused mice. Expression of this profile of EPC-associated genes declined 28 days after EV infusion and returned to baseline by Day 42. Bone marrow cell expression of endothelial cell genes and genes believed to be important in the pathogenesis Figure S4B ).
of PAH was similar in MCT-EV-and vehicle-EV-infused mice (Supplementary material online,
Effect of EV incubation on endothelial cells and transplanted BMPCs
To determine whether MCT-EV had a direct effect on endothelial cell growth, MCT-EV and vehicle-EV were incubated with murine PVECs for 72 h. Significantly fewer apoptotic (annexin V+/propidium iodide-) cells were identified in PVEC incubated with MCT-EV compared with PVEC incubated with an equal amount of vehicle-EV or PBS ( Figure 5A and B) .
To determine whether MCT-EV could induce pulmonary vascular remodelling via their effects on BMPCs alone, BMPCs incubated with EV were injected into healthy mice. Fluorescence microscopy of BMPCs that had been incubated with PKH26-labelled EV then washed extensively with PBS revealed only EV contained within BMPC at the time of injection, indicating that EV not associated with cells were not transferred with transplanted cells (Supplementary material online, Figure S5 ). Mice injected with cells incubated with vehicle-EV had no evidence of pulmonary vascular remodelling 42 days after injection. In contrast, RV/BW, WT/D ratios were significantly increased in mice injected with cells incubated with MCT-EV compared with mice given cells incubated with PBS or vehicle-EV ( Figure 6A and B).
Discussion
We hypothesized that EVs from MCT-injured mice play a pathogenic role in the pulmonary vascular remodelling of MCT-induced PH, in part by inducing differentiation of bone marrow cells into EPCs that home to the lung and contribute to pulmonary vascular remodelling. We found that healthy mice injected with LEV or PEV from MCT-injured mice developed PH as evidenced by increases in RV mass and pulmonary vascular wall thickness. These changes were detected at all three time points studied in mice receiving either LEV or PEV. Persistent increases in RV mass and pulmonary vascular remodelling were not observed in mice injected with LEV or PEV obtained from control mice. The greater WT/D in mice given MCT-EV compared with mice given vehicle-EV or PBS was associated with increased muscularization of Pulmonary hypertension induced by microparticles peripheral pulmonary arteries. Finally, the degree of RV hypertrophy correlated with the degree of pulmonary vascular remodelling in the MCT-EV treated mice as evidenced by the close correlation between RV mass and pulmonary vascular wall thickness. Pulmonary hypertensive changes detected in mice given MCT-EV were not attributable to residual MCT or its metabolites. Mass spectrometry failed to detect MCT or any of its metabolites in MCT-treated mice or in the plasma of normal mice infused with MCT-EV. Furthermore, injection of EV-depleted plasma obtained from mice with MCT-induced PH did not induce changes in RV mass or pulmonary vascular remodelling, suggesting that the pulmonary hypertensive changes observed were the result of the EV, not other elements in the plasma.
The mechanism by which MCT-EVs induce PH in healthy mice is unclear. EVs are increasingly regarded as important mediators of cell-to-cell communication and elevated circulating levels of EV have been observed in many disease states, 14 including PAH. EVs contain numerous DNA, RNA, and protein species and are capable of inducing changes in transcription, translation and surface protein expression in cells with which they come in contact. 15 Our laboratory has previously demonstrated that EVs can transfer genetic material from murine lung cells to bone marrow cells in vitro and induce expression of lung-specific mRNA and protein. 10 Studies using transcriptional blocking agents suggest that the transfer of an EV-based transcription factor induces changes cellular phenotype. 16 These findings are supported by the stable, long-term expression of lung-specific mRNA and protein in marrow cells cultured with LEV. 17 In the present study, MCT-injured mouse EV induced increased expression of EPC and mature endothelial cell genes in a cell population enriched with BMPCs, in vitro, compared with cells incubated with vehicle-treated mouse EV. Genetic expression of numerous proteins that have been implicated in PAH-associated pulmonary vascular remodelling (IL-6, endothelin-1, erythropoietin receptor) was up-regulated in BMPCs incubated with MCT-EV, but not vehicle-EV. Furthermore, injection of MCT-EV but not vehicle-EV into healthy mice resulted in increased expression of the same endothelial cell markers in the bone marrow of the recipient mice. These findings demonstrate that circulating and LEV from mice with MCT-induced PH induce an EPC phenotype in BMPCs.
Under certain conditions, EPCs have been shown to attenuate pulmonary vascular remodelling and blunt PH development. Clinical trials of genetically programmed EPCs have been developed for PAH treatment. However, under other conditions, EPCs may contribute to the pathogenesis of PH. Recent studies have demonstrated that circulating EPCs are increased in PAH and that EPCs isolated from PAH patients have a hyperproliferative phenotype that contributes to pulmonary vascular remodelling. 18, 19 The mechanism(s) responsible for the generation of EPCs with a hyperproliferative phenotype and their recruitment to the lung is not understood. In the present study, EVs obtained from pulmonary hypertensive mice-induced BMPC up-regulation of endothelial markers and growth factors implicated in the pathogenesis of PAH. Injection of these cells into healthy mice caused RV hypertrophy and increased muscularization of pulmonary vessels, suggesting a potential mechanism by which EVs may induce pulmonary vascular remodelling via induction of bone marrow-derived EPCs. Such a mechanism could act to continually stimulate the release of EPCs that contribute to pulmonary vascular remodelling in PAH.
This hypothesis is further supported by additional experiments in this study in which EPC-enriched BMPCs that had been incubated with EV were transplanted into healthy mice. Cells incubated with MCT-EV, but not vehicle-EV, induced significant pulmonary vascular disease as evidenced by increases in RV/BW, WT/D ratios when transplanted into healthy mice. These findings demonstrate that circulating EV in pulmonary hypertensive mice can induce changes in EPC-enriched BMPCs that can lead to pulmonary hypertensive changes.
EVs from pulmonary hypertensive mice were also found to have a direct anti-apoptotic effect on PVECs. Incubation of PVECs with MCT-EV reduced the number of apoptotic cells to less than a third of that seen in control cells. Considering that fluorescently labelled EVs were found in the pulmonary vasculature 30 min after tail vein injection, the anti-apoptotic effect of these EV may contribute to the development of a population of apoptotic-resistant PVECs. Apoptotic-resistant endothelial cells are felt to play an important role in the development of obliterative vascular lesions in PAH 1 and may contribute to the pulmonary vascular remodelling seen in EV-induced PH.
We found that EVs used in this study are heterogeneous in nature. Proteins characteristic of exosomes and microvesicles could be identified in all EV populations. Additionally, the size range of these EV was from 30 to 423 nm, further supporting the presence of both vesicle subpopulations in our preparations. EVs used in this study appear to be derived from a variety of cell sources. Microarray analysis of EV focusing on a limited panel of mRNA species supports this notion. Although MCT-LEV had higher levels of endothelial cell mRNA (PECAM-1, E-selectin, endoglin, CD143, VE-cadherin, CD34) compared with vehicle-LEV, no such differences could be seen in MCT-PEV and vehicle-PEV. However, proteomic analyses revealed more endothelial cell and fewer platelet-derived proteins in MCT-LEV and MCT-PEV compared with vehicle-LEV and vehicle-PEV. In particular, e-selectin and VECadherin were found in MCT-LEV but not vehicle-LEV and ICAM-1 was found in MCT-PEV but not vehicle-PEV. The relative abundance of endothelial cell-derived proteins has been reported by others to be present in circulating EV of patients with PAH compared with healthy controls. 3 -5 Although the MCT-induced PH did not affect the total level of circulating EV, these data strongly suggest that MCT-induced PH increased the number of EV derived from endothelial cells. Determination of the particular characteristics of pulmonary hypertensive EVs that are responsible for inducing pulmonary vascular remodelling in healthy mice is difficult due to the large quantities of EV-based protein and RNA. In the present study, MCT-PEV induced the same degree of PH in healthy mice as MCT-LEV, suggesting that the most important mediators of EV-induced PH were common to both types of EV. Extensive proteomic analysis revealed greater than two-fold increase or decrease in a number of proteins in both MCT-LEV and -PEV compared with vehicle-LEV and vehicle-PEV. There were also many proteins present in MCT-EV that were not found in vehicle-EV. Most of these proteins are enzymes that regulate glucose uptake, mitochondrial electron transfer, fatty acid metabolism, or other aspects of cellular respiration. Numerous metabolic derangements have been described in PAH, 20 most notably a shift in cellular respiration from glucose oxidation to glycolysis that occurs despite an adequate source of oxygenation-the so-called Warberg effect. 21 MCT-EV also had significantly higher levels of phosphodiesterase-5 (PDE-5), the major metabolic enzyme responsible for cGMP metabolism in pulmonary vascular smooth muscle cells. Increased pulmonary expression and activity of PDE-5 is the major rationale for the development of PDE-5 inhibitor therapy for the treatment of PAH. Considering that endothelium-dependent vasodilation is mediated by cGMP, EV-induced increases in PDE-5 expression may also contribute to previous observations of decreased endothelial-dependent vasorelaxation in pulmonary arterial rings following incubation with EV from rats with hypoxic PH. 22 Furthermore, cGMP induces apoptosis in PVECs and this process is attenuated by PDE-5. 23 Thus, the increase levels of PDE-5 in MCT-EV may explain their observed in vitro anti-apoptotic effects.
MCT-LEV and -PEV also showed altered expression of a variety of miRNAs that appear to be involved in pulmonary vascular remodelling. Of the six miRNA species that were found to be greater than two-fold up-regulated in both MCT-LEV and -PEV, two (miR-145, -451) have been found to be increased in hypoxia and MCT models of PH and implicated in its pathogenesis. A third, miR-328, has been shown to suppress the insulin growth factor-1 receptor, ultimately leading to apoptosis of pulmonary arterial smooth muscle cells, but is down-regulated the lungs in hypoxic PH. 24 miR-10b was not seen in vehicle-EV but was present in both MCT-LEV and -PEV. miR-10b is an important modulator of EPC-mediated vascular angiogenesis in tumour cells and is up-regulated by VEGF in endothelial cells. 25 VEGF-mediated pulmonary vascular angiogenesis is an important feature of the pulmonary vascular remodelling associated with PAH. Together, these findings suggest that MCT-EV carry multiple miRNAs that are capable of mediating abnormal vascular responses and have recently been found to contribute to the pathogenesis of PAH. We chose to use MCT in the present study because it is a wellestablished model of PH in rodents. It is possible that the findings of the present study represent a unique feature of MCT-induced PH. However, evidence of EV-mediated pulmonary hypertensive changes have also been observed in models of hypoxic PH, and further studies are presently underway to determine whether EV from animals with other models of PH can reproduce the disease in healthy animals. Injected EV and EV-modified bone marrow cells may also affect vascular changes in the systemic as well as the pulmonary circulation. This possibility was not directly evaluated in the present studies, but we found no evidence of left ventricular hypertrophy in mice given MCT-LEV or MCT-PEV, suggesting that systemic arterial pressure did not increase significantly.
In summary, findings from the present study demonstrate for the first time that PH can be induced in healthy mice by injection of EV obtained from pulmonary hypertensive mice and that this transfer of disease is mediated by EVs. EVs from MCT-injured mice induce pulmonary vascular remodelling and RV hypertrophy similar to that caused by MCT injection. MCT-EVs contain increased levels of protein and miRNA species that have been associated with the pathogenesis of PAH and induce in BMPCs the expression of a profile of genes suggestive of EPCs. MCT-EVs inhibit apoptosis of PVECs and induce changes in EPCenriched BMPCs that result in pulmonary vascular remodelling when transplanted into healthy mice. We hypothesize that in PH, EVs from MCT-injured mice contribute to the proliferation of apoptotic-resistant pulmonary endothelial cells and the differentiation of BMPCs into EPCs that home to the lung and induce pulmonary vascular remodelling. The ability of MCT-EV to induce PH in healthy mice strongly implicates a role for EV in the pathogenesis of MCT-induced PH and may represent a potential new target for the development of better biomarkers and therapies for pulmonary hypertensive diseases in human patients.
